I. INTRODUCTION
Ultrathin Si oxynitride films, formed from rapid thermal oxidation of Si or SiO in a NO environment, are used as gate dielectric materials. 1 Silicon nitrosyl, SiNO, and its linear isomers NSiO and SiON have been the subject of extensive theoretical investigations. 2, 3 On the investigation of the reaction of laser-ablated Si with NO molecules, three isomers SiNO, NSiO, and cyc-SiNO isolated in solid Ar were identified; Si͑NO͒ 2 and SiNSiO were further formed upon annealing of the matrix. 4 The greater mobility of carriers in germanium ͑Ge͒ than in silicon ͑Si͒ has promoted renewed interest in Ge-based devices for high-performance logic. 5 A key issue in the fabrication of a Ge complementary metal-oxide semiconductor ͑CMOS͒ device is to obtain a stable gate dielectric; the Ge oxynitride gate dielectric serves this purpose well. On incorporating a thin interlayer of GeO x N y , Chui et al. reported that excellent MOS capacitors with small capacitance-voltage hysteresis and small gate leakage were produced. 6 The adsorption of NO on a Ge surface 7 and transformation of NO dimers to N 2 O on the Ge͑100͒ surface have been investigated with temperature-programed desorption ͑TPD͒, 8 but little is known about the reaction of Ge atoms or its clusters with NO. It is thus of interest to investigate reactions of Ge with NO and to compare the products with those of Si with NO reported previously. 4 Several molecular species containing one or two Ge atoms and oxygen, [9] [10] [11] [12] [13] [14] sulfur, [15] [16] [17] or hydrogen [18] [19] [20] [21] have been identified with IR or Raman spectroscopy; the spectral assignments were supported by the theoretical calculations. We reported the production of linear GeNNGe from the reaction of laser-ablated Ge with N 2 and its identification with IRabsorption spectroscopy; the unexpected activity of Ge 2 toward N 2 is supported by quantum-chemical calculations. 22 Motivated by the diversity of isomeric species that might be produced, and the importance of reactions of Ge with NO, we have undertaken experimental and theoretical investigations of Ge x ͑NO͒ y ͑x and y ഛ 2͒ with the matrix isolation technique coupled with the IR absorption spectroscopy.
II. EXPERIMENTS
The experimental setup is similar to the one described previously; [22] [23] [24] we provide only brief descriptions here. A piece of Ge ͑5 ϫ 5 mm 2 ͒ was mounted inside the vacuum shroud of a cryogenic system about 2 cm from the target cooled to 13 K; the gaseous plume generated by laser ablation mixed with flowing reagents before deposition. Laser ablation was performed with a frequency-doubled beam from a neodymium: yttrium aluminum garnet ͑Nd:YAG͒ laser ͑532 nm, 30 mJ pulse −1 , and 10 Hz͒ focused onto the Ge crystal with a lens ͑focal length of 15 cm͒. Laser ablation was performed typically for 3 -5 min on each spot before shifting to a new ablation position. Approximately 4 -10 mmol of NO / Ar ͑1 / 100-1 / 800͒ mixture was deposited during 1 -4 h.
Infrared-absorption spectra were recorded with a Fourier-transform infrared ͑FTIR͒ spectrometer ͑Bomem DA8͒ equipped with a KBr beam splitter and a Hg/ Cd/ Te detector ͑77 K͒ to cover the spectral range of 500-4000 cm −1 . Typically 300 scans at resolution of 0.5 cm −1 were recorded at each stage of experiment. A XeCl excimer laser ͑308 nm͒ and an ArF excimer laser ͑193 nm͒, both operated at 5 -20 Hz with energies ϳ10 mJ pulse −1 , were employed to irradiate the matrix sample to induce further photodissociation.
NO ͑AGA, 99.5%͒ was purified by passing it through a silica-gel trap maintained at 163-173 K. N 18 O ͑Cambridge Isotopes Laboratories, Ͼ90% isotopic purity͒ and Ar ͑AGA Gases, 99.995%͒ were used without further purification. 15 NO was prepared by slowly adding an aqueous solution of H 2 SO 4 ͑10% by mass͒ into an aqueous solution of Na 15 NO 2 ͑Isotec, 99% isotopic purity͒; 25 the gas thus produced was passed through a solution of KOH to trap the HNO 3 byproduct, and the collected gas was further purified by passing it through a silica-gel trap maintained at 163-173 K. Solid Ge was cut from a Ge crystal employed previously in attenuated-total-reflection ͑ATR͒ experiments.
III. COMPUTATIONAL METHOD
The equilibrium structures, vibrational frequencies, IR intensities, and energies were calculated with GAUSSIAN03 program. 26 Our calculations are based on BLYP and B3LYP density-functional theories ͑DFT͒; the latter method uses Becke's three-parameter hybrid exchange functional, 27 which includes the Slater exchange functional with corrections involving a gradient of the density, and a correlation functional of Lee et al. with both local and nonlocal terms. 28 Dunning's correlation-consistent polarized valence triple-zeta 29 ͑aug-ccpVTZ͒ basis set augmented with s, p, d, and f functions was used. Analytic first and second derivatives were applied for geometry optimization and vibrational frequencies at each stationary point.
IV. EXPERIMENTAL RESULTS

A. Reactions of Ge with NO
The IR spectrum of a sample of NO / Ar ͑1 / 200͒ at 13 K exhibits multiple lines due to NO ͑1871. diminish nearly completely upon irradiation of the matrix sample at 308 nm, diminish to a lesser extent upon irradiation at 193 nm, but increase in intensity upon annealing. The extremely weak lines in group C at 1417.0 ͑1423.0, 1420.1͒ cm −1 diminish upon laser irradiation at 308 and 193 nm, and upon annealing; the lines listed in parentheses are associated with the species in minor matrix sites. As the concentration of the NO / Ar mixture is decreased from 1 / 100 to 1 / 800, the intensity of group B decreases to a tenth of that of group A, whereas the intensity of group C increases slightly. 14 
B. Reaction of Ge with a mixture of
NO and
15
NO
When a mixture containing Ar and isotopically labeled 14 NO and 15 NO in a proportion of ϳ1 : 0.9 was codeposited with laser-ablated Ge, the line due to NO at 1871. Table I and illustrated in Fig. 2͑c͒ . This doublet pattern indicates that only one O atom is involved in this vibrational mode. The 18 O-isotopic ratio of 0.9811 is greater than the theoretical 18 O-isotopic ratio of 0.9741 for NO.
In summary, the lines in groups A and C are associated with the species containing one NO, whereas the lines in group B are associated with the species containing two equivalent NO groups. The observed relative intensities in NO-dilution experiments and annealing experiments also support such assignments. 
V. QUANTUM-CHEMICAL CALCULATIONS
A. Isomers and ions of GeNO and Ge 2 NO
With the theoretical calculations according to the B3LYP and BLYP density-functional theories using aug-cc-pVTZ basis sets, we located four isomers of GeNO. For brevity, we only list the results from BLYP here and compare the results of BLYP and B3LYP in Electronic Physics Auxiliary Publication Service ͑EPAPS͒.
33 Table II lists the geometries and relative energies of these isomers. Our previous quantumchemical calculations on isomers of N 2 O 3 indicate that, for systems containing more than one NO group, BLYP predicts vibrational wave numbers better than B3LYP. 34 According to the calculations with BLYP/aug-cc-pVTZ, linear GeNO has the least energy; the N-O bond length is 1.212 Å, slightly greater than that of NO ͑1.151 Å͒. 35 The calculated Ge-N bond length of 1.785 Å is slightly greater than that for diatomic GeN ͑1.669 Å͒ predicted with the calculations at the same level. A cyclic isomer cyc-GeNO has an energy about 42.5 kJ mol −1 above that of linear GeNO; it has a N-O bond length of 1.401 Å and a Ge-N bond length of 1.898 Å, both greater than those calculated for GeNO. The other two linear isomers, NGeO and GeON, both lie ϳ136 kJ mol −1 above linear GeNO.
Because ions might be formed during laser ablation, we also calculated positive and negative ions of these species; only the results for ions of GeNO and GeON are listed in Table II − , whereas the length of the Ge-N bond decreases from 1.785 to 1.749 Å. In contrast, GeNO + shows an opposite trend with an elongated Ge-N bond and a shorter N-O bond, as compared with GeNO.
Vibrational wave numbers and IR intensities for each isomer, calculated with BLYP/aug-cc-pVTZ are listed in Table III . Because the observed feature in the N-O stretching region is 1543.8 cm −1 for group A and 1417.0 cm −1 for group C, we expect that the calculated vibrational wave numbers corresponding to this mode fall within a range of 1200-1700 cm −1 .
For the line at 1543.8 cm −1 the best fit is the N-O stretching ͑ 1 ͒ mode of linear GeNO; the predicted vibrational wave number is 1531 cm −1 with an IR intensity of 417 km mol −1 using the BLYP method. The other vibrational wave numbers predicted for these four neutral isomers have vibrational wave numbers below 1250 cm −1 . The ions of GeNO also have vibrational wave numbers, 1694 cm −1 for GeNO + and 1403 cm −1 for GeNO − ͑1765 and 1478 cm −1 , respectively, from B3LYP͒, near the experimental value, but the ϳ10% deviations are greater than that expected for the calculations using the aug-cc-pVTZ basis sets.
For the line at 1417.0 cm −1 in group C, the best fit is the N-O stretching ͑ 1 ͒ mode of linear GeNO − ; predicted to be 1403 cm −1 with an IR intensity of 889 km mol −1 using the BLYP method. Other possible candidates are GeON ͑1255 cm −1 ͒, GeON + ͑1242 cm −1 ͒, and GeNO ͑1531 cm −1 ͒, but they have deviations of 9%-12%.
We also located six isomers of Ge 2 NO with quantumchemical calculations. Geometries, relative energies, vibrational wave numbers, and IR intensities of these isomers may be found in EPAPS. 33 The only candidate that has a predicted vibrational wave number close to that of observed lines is cyc-͑GeGeN͒ v O which has 1 = 1356 cm −1 ͑from BLYP͒, similar to that of the observed line of group C at 1417.0 cm −1 . 
B. Isomers of Ge"NO… 2
We located four stable isomers of Ge͑NO͒ 2 . Figure 3 depicts the geometries and relative energies of these isomers. According to the BLYP/aug-cc-pVTZ calculations, cycGeONNO has the least energy; the N-O bond length is 1.434 Å, much greater than that of NO ͑1.151 Å͒. 35 The calculated N-N bond length of 1.237 Å is shorter than that of cis-͑NO͒ 2 ͑2.081 Å͒ and only slightly greater than that of N 2 O ͑1.121 Å͒ predicted with the calculations at the same level. An open-chain isomer ONGeNO has an energy about 166 kJ mol −1 above cyc-GeONNO; it has a N-O bond length of 1.194 Å similar to that ͑1.212 Å͒ of GeNO, whereas its Ge-N bond length ͑1.952 Å͒ is greater than that ͑1.785 Å͒ of GeNO. The third isomer, cyc-GeONON, is predicted to have an energy of ϳ202 kJ mol −1 above cyc-GeONNO; all the three NO bond lengths predicted ͑1.268, 1.425, and 1.353 Å͒ are greater than that of NO; the two NO moieties are inequivalent. cyc-Ge͑N v O͒ 2 lies ϳ218 kJ mol −1 above cyc-GeONNO; it has NO bonds and GeN bonds slightly longer than those of its open-form counterpart, ONGeNO. Relative energies calculated with B3LYP are greater and with different ordering for other isomers of Ge͑NO͒ 2 , as shown in EPAPS. 33 The predicted vibrational wave numbers and IR intensities for each isomer are listed in Table IV . Because the observed features of group B are at 1645.5 and 1482.8 cm −1 , we expect that the calculated vibrational wave numbers corresponding to these modes fall within a range 1250-1850 cm −1 . The best fit is the symmetric ͑ 1 ͒ and the antisymmetric N-O stretching ͑ 7 ͒ mode of ONGeNO; the predicted vibrational wave numbers are 1628.6 and 1476.8 cm −1 with respective IR intensities of 225 and 607 km mol −1 using the BLYP method. The observed relative intensity of ϳ1 : 3 for these two lines is also consistent with the predicted IR intensities. The other three isomers have no modes with vibrational wave numbers and relative intensities similar to our experimental observations. The only possible alternative candidate is cyc-Ge͑NO͒ 2 , with vibrational wave numbers of two N-O stretching modes predicted at 1438.5 and 1439.1 cm −1 ͑1494.2 and 1525.6 cm −1 from B3LYP͒; the predicted intensities of these two lines are approximately equal.
VI. DISCUSSION
Because the observed absorption lines are associated with the N-O stretching modes, variations in mass of Ge have little effect on these vibrational wave numbers. In the calculation that we performed on 70 GeNO and 76 GeNO, we found that the variation in vibrational wave number of the N-O stretching mode was only 0.1 cm −1 , too small to be resolved under our experimental conditions. Hence, isotopic ratios for only 15 18 O-isotopic ratio slightly greater than those of diatomic NO indicates that Ge is attached to the N atom rather than the O atom so that the effective mass of N in the N-O stretching mode is increased. The assignment of this line to GeNO is consistent with the comparison of observed and predicted vibrational wave numbers, as discussed in Sec. V. We calculated the vibrational wave numbers of 15 N-substituted and 18 O-substituted species of all four isomers of GeNO and ions of GeNO and GeON. The predicted isotopic ratios, defined as the ratio of vibrational wave number of the isotopically substituted species to that of the corresponding species containing 74 Ge, 14 N, and 16 O, for the N-O stretching mode, are listed in Table V ; the experimental values are listed at the top for comparison.
Similar to the vibrational wave numbers of the N-O stretching mode, the predicted isotopic ratios of GeNO in all isotopic variants show the best agreement with the experiments for the line at 1543.8 cm −1 , with deviations of 0.0002 for the 15 N ratio and 0.0008 for the 18 O ratio calculated with BLYP/aug-cc-pVTZ. Other isomers have calculated isotopic ratios deviating from the experiments much greater than those for GeNO. Although we cannot positively exclude GeNO − and cyc-͑GeGeN͒ v O, for both of which have isotopic ratios deviate less than 0.0032, as possible carriers of the line at 1543.8 cm −1 , the ϳ10% deviations between predicted wave numbers and experimental observations are much greater than one would expect for quantum-chemical calculations using the BLYP/cc-pVTZ method.
Although a definitive proof of the assignment should come from direct observation of the Ge-N stretching mode near 545 cm −1 , we fail to observe this line because of the small intensity ͑less than 4% of the N-O stretching mode predicted with theory͒ and the much worse detectivity in this region. We assign the feature at 1543.8 cm −1 to the N-O stretching mode of GeNO based both on the agreement of vibrational wave numbers and isotopic ratios between observation and those predicted for GeNO and on the fact that GeNO is the isomer with the least energy and is the expected product of the reaction of Ge+ NO.
The line at 3059.7 cm −1 shows similar isotopic ratios and has a wave number nearly twice that of the line at 1543.8 cm −1 . It is hence assigned as the first overtone of the NO stretching mode of GeNO. The anharmonicity e x e is consequently determined to be 14.0 cm −1 .
B. Assignments of lines in group B to ONGeNO
The observed 15 N-and 18 O-isotopic patterns indicate that the features near 1645.5 and 1482.8 cm −1 in group B are associated with the vibrational modes involving stretching of N-O bonds; these lines are likely associated with the symmetric and antisymmetric N-O stretching modes. We calculated the isotopic ratios for the 15 N-substitued and 18 O-substitutes species for all vibrational modes of all three isomers of Ge͑NO͒ 2 that have equivalent NO moieties, but we list in Table VI only those of symmetric and antisymmetric N-O stretching modes to compare with the experiments. The predicted isotopic ratios of ONGeNO in all 15 N-and 18 O-isotopic variants show the best agreement with the experiments, with deviations less than 0.0003 for the 15 N ratio and less than 0.0005 for the 18 O ratio calculated with BLYP/ aug-cc-pVTZ. The other candidate that has predicted wave numbers barely within the range of expected uncertainties, cyc-Ge͑N v O͒ 2 , has isotopic ratios calculated with BLYP and B3LYP that deviate by as much as 0.0116 and 0.0059, respectively. Although a definitive proof of the assignment should come from direct observation of the symmetric Ge-N stretching mode near 524 cm −1 , we fail to observe this line because of the small intensity ͑less than 2% of the symmetric N-O stretching mode predicted with theory͒ and the much worse detectivity in this region. Based on the excellent agreement of the vibrational wave numbers and isotopic ratios between observations and predictions for ONGeNO and the enhanced intensities of these features when a greater concentration of NO was employed, we deduce that features in group B at 1645.5 and 1482. is associated with a vibrational motion involving stretching of a N-O bond. From the calculated isotopic ratios listed in Table V , the predicted values of GeNO − show the best agreement with the experiments, with deviations of 0.0002 for the 15 N ratio and 0.0009 for the 18 O ratio calculated with BLYP/ aug-cc-pVTZ. The next best fit is cis-GeNOGe, with deviations of 0.0013 for the 15 N ratio and 0.0018 for the 18 O ratio. Other isomers have calculated isotopic ratios deviating by greater than 0.003 for the 15 N ratio and 0.006 for the 18 O ratio. Although we cannot positively exclude cis-GeNOGe as a possible carrier of this line at 1417.0 cm −1 , the ϳ16% deviations between predicted wave numbers and experimental observation are much greater than one would expect for quantum-chemical calculations using the BLYP/cc-pVTZ method.
Similarly, although the predicted vibrational wave number of cyc-͑GeGeN͒ v O is only 4.7% smaller than that of the feature at 1417.0 cm −1 ; its 15 N-and 18 O-isotopic ratios deviate from the experiments by 0.0029 and 0.0063, much greater than the expected maximum uncertainty of 0.003. We thus assign the weak feature at 1417.0 cm −1 to the N-O stretching mode of GeNO − based on the agreement of the vibrational wave numbers and isotopic ratios between observation and prediction. The enhanced intensity of this feature relative to that of GeNO upon dilution of NO in Ar is also consistent with the behavior expected for ion production.
D. Mechanism of formation
The formation of GeNO from the reaction of laserablated Ge with NO upon deposition and upon annealing is consistent with our previous experience that typically the isomer of the least energy is produced. The bonding energy of Ge-NO is about 230 kJ mol −1 . We sought for GeON, cycGeNO, and NGeO but found no absorption line ascribable to these species even though our theoretical calculations indicate that isomerization from GeNO to cyc-GeNO and to GeON is energetically accessible.
The formation of ONGeNO might proceed via insertion of Ge into cis-͑NO͒ 2 ,
or a further reaction following the formation of GeNO,
The exothermicity of these two reactions was calculated to be 320 and 110 kJ mol −1 , respectively, using the BLYP method. We observed that the lines attributed to both GeNO and ONGeNO increased upon annealing, likewise cis-͑NO͒ 2 . If reaction ͑1͒ takes place, one would expect the reaction
to occur with a greater probability because this path involves the least energy. Hence we think that reaction ͑2͒ is a more likely path for the formation of ONGeNO. Our quantum-chemical calculations indicate that cycGeONNO readily forms N 2 O and GeO via a transition state with a barrier of only ϳ28 kJ mol −1 ; the barrier was calcu- 
VII. CONCLUSION
Codeposition of laser-ablated Ge with a mixture of NO in Ar produced new lines in three groups that are assigned to the N-O stretching mode of GeNO ͑1543.8 cm −1 and its overtone at 3059.7 cm −1 ͒, the symmetric and antisymmetric N-O stretching modes of ONGeNO ͑1645.5 and 1482.8 cm −1 ͒, and the N-O stretching mode of GeNO − ͑1417 cm −1 ͒. These assignments were based on the observed and calculated vibrational wave numbers and 15 N-and 18 O-isotopic shifts, and behaviors upon concentration variation, conditions for photolysis, and annealing. The theoretical calculations also predict that Ge can also react with cis-͑NO͒ 2 to form cyc-GeONNO, followed by decomposition to form N 2 O and GeO that were also observed in matrices.
